In spinocerebellar ataxia type 17 (SCA17), the expansion of a translated CAG repeat in the TATA box binding protein (TBP) gene results in a long polyglutamine (polyQ) tract in the TBP protein, leading to intracellular accumulation of aggregated TBP and cell death. The molecular chaperones act in preventing protein aggregation to ameliorate downstream harmful events. In this study, we used Tet-On SH-SY5Y cells with inducible SCA17 TBP/ Q 79 -green fluorescent protein (GFP) expression to test indole and synthetic derivative NC001-8 for neuroprotection. We found that indole and NC001-8 up-regulated chaperone expression to reduce polyQ aggregation in neuronal differentiated TBP/Q 79 cells. The effects on promoting neurite outgrowth and on reduction of aggregation on Purkinje cells were also confirmed with cerebellar primary and slice cultures of SCA17 transgenic mice. Our results demonstrate how indole and derivative NC001-8 reduce polyQ aggregation to support their therapeutic potentials in SCA17 treatment.
Introduction
A large number of human disorders are caused by protein misfolding interfering with diverse cellular processes. 1 This is well illustrated by polyglutamine (polyQ)-mediated diseases such as Huntington's disease and some forms of spinocerebellar ataxias (SCA). 2−9 As misfolded polyQ proteins result in aberrant protein aggregate accumulation, the inhibition of aggregation is expected to also inhibit the associated downstream pathogenic events. 10 Among the polyQ-mediated SCA, SCA type 17 (SCA17) is caused by an expanded polyQ in the TATA-box binding protein (TBP). 9 In humans, the polyQ tract of TBP normally contains 25-42 glutamine residues. 11 TBP repeat expansions of greater than 43 repeats were found not only in the patients with cerebellar degeneration 9,12−14 but also in those with Parkinson's disease, Alzheimer's disease, multiple system atrophycerebellar type, and psychiatric disorders.
proteins. 22 Overexpression of the HSP70 chaperone suppresses neuropathology and improves motor functions in mouse and Drosophila models of polyglutamine diseases. 23−25 Indole is composed of a benzene ring fused to a nitrogencontaining pyrrole ring. Its derivatives are potent anticancer agents widely studied in treating cancers. 26, 27 In contrast, their potential in neurodegenerative diseases has not been well known. In this study, we found the antiaggregation effect of indole and synthetic derivative NC001-8 in SCA17 TBP/ Q 79 cell model by enhancing chaperone expression. This antiaggregation effect was further confirmed by cerebellar primary and slice cultures from SCA17 transgenic mice. Our findings provide evidence that indole and its synthetic derivative NC001-8 may have therapeutic potential in treating polyQ-mediated SCA.
Materials and methods cell culture and cell proliferation assay
Human neuroblastoma SH-SY5Y cells (American Type Culture Collection no CRL-2266) were cultivated in Dulbecco's Modified Eagle's Medium F12 medium containing 10% fetal bovine serum at 37°C in an incubator with 5% CO 2 atmosphere. Cell proliferation was measured by using Hoechst-propidium iodide (PI) staining. Briefly, cells (5×10   4   ) were plated into 48 well dishes, grown for 20 hours, and treated with 100 nM-100 µM geranylgeranylacetone (GGA, a potent HSP inducer; Sigma), indole (Sigma), and synthetic derivative NC001-8. 28 After 24 hours, cells were stained with Hoechst 33342 (0.1 µg/mL, Sigma) and PI (5 µg/mL, Sigma), and images of the cells were automatically obtained using MetaXpress Image Acquisition and Analysis Software (Molecular Devices), with excitation/emission wavelengths at 346/460 (Hoechst) and 535/617 (PI).
Triple fluorescent reporter cells and fluorescent assay
A pcDNA5/FRT/TO-derived fluorescent reporter plasmid with mCherry, ZsYellow1, and AmCyan1 reporters driven by HSF1 (to enhance chaperone expression), heat shock cognate protein (HSPA8, to drive constitutively expressed HSP70), and heat-inducible HSP70 chaperone (HSPA1A, to drive heat-inducible HSP70) promoter fragments, respectively, was cloned as described. 29 The resulting plasmid was used to generate triple fluorescent reporter cells and maintained in accordance with the supplier's instructions (Invitrogen). GGA, indole, or NC001-8 (100 nM~100 µM) was added to the medium for 24 hours. The red (HSF1, mCherry), yellow (HSPA8, ZsYellow1), and cyan (HSPA1A, AmCyan1) fluorescence colors were analyzed simultaneously at 453/486 (mCherry), 531/540 (ZsYellow1), and 587/610 nm (AmCyan1), using automated microscopy combined with an automated image analysis system (ImageXpressMICRO; Molecular Devices).
TBP cDna constructs and sh-sY5Y TBP cell lines
The cloning of full-length TBP/Q 36~79 cDNAs in pGEM-T Easy was as described. 30 The EcoRI (in MCS of pGEM-T Easy)-RsaI fragment containing the N terminus of TBP (160 amino acids for TBP/Q 36 ) was removed and cloned into pEGFP-N1. Next, a HindIII-NotI DNA fragment containing in-frame TBP/Q 36~79 -GFP was cloned into the pcDNA5/FRT/ TO, and the resulting plasmids were used to establish the Flp-In TBP/Q 36~79 cells using the SH-SY5Y-derived Flp-In host cell line described previously. 30 The CAG repeats in these TBP cell lines were confirmed by polymerase chain reaction and sequencing.
sh-sY5Y TBP/Q 36~79 aggregation and outgrowth assays SH-SY5Y TBP/Q 36~79 -GFP cells were seeded in six-well (2×10 5 /well) plates in medium containing all-trans retinoic acid (10 µM; Sigma). The next day, doxycycline (5 µg/mL) was added to induce TBP/Q 36~79 -GFP expression for 7~21 days. After that, cells were stained with Hoechst 33342 (0.1 µg/mL; Sigma), and aggregation percentage was assessed by a high content analysis system at 482 (excitation)/536 (emission) wavelengths. The morphologic differentiation of TBP/Q 36~79 cells, including processes and branches, was assessed by using Metamorph microscopy automation and image analysis software (Molecular Devices). For testing the aggregation reduction potential of GGA, indole, and NC001-8, cells were pretreated with GGA, indole, or NC001-8 (0.1 µM) for 8 hours before inducing TBP/Q 36~79 -GFP expression for 7 days.
real-time quantitative Pcr
Total RNA from SH-SY5Y TBP lines was extracted using Trizol reagent (Invitrogen). The DNase-treated RNA was quantified and reverse-transcribed to cDNA (SuperScript 
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chaperone expression, polyQ aggregation in sca17 neuronal cell and slice culture models were added to the amplification reaction. Fold change was calculated using the formula 2
ΔCt
, ΔC T = C T (control) -C T (target), in which C T indicates cycle threshold.
Western blot analysis
Total proteins were prepared using buffer containing 50 mM Tris-HCl at pH 8.0, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid at pH 8.0, 1 mM ethylene glycol tetraacetic acid at pH 8.0, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate, 1% TritonX-100, and protease inhibitor cocktail (Sigma). Proteins (20 µg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10%) and blotted onto nitrocellulose membranes. After blocking, the membrane was probed with HSF1 (1:1,000 dilution; Abnova), HSPA8 (1:500 dilution; Santa Cruz), HSPA1A (1:500 dilution; Santa Cruz), GFP (1:500 dilution; Santa Cruz), or β-actin (1:5,000 dilution; Millipore) at 4°C overnight. Then horseradish peroxidase-conjugated goat antimouse or goat anti-rabbit IgG antibody (1:5,000 dilution; GeneTex) and chemiluminescent substrate (Millipore) were used to detect the immune complexes.
cerebellar primary culture and immunostaining
The culture protocol was modified from several previous reports.
31 −33 Culture medium was based on Neurobasal ® medium (Invitrogen) with supplements of 2% B-27 (v/v; Invitrogen), 1 mM adenine (Sigma), 2 mM GlutaMax-I (Invitrogen), 3 mM KCl (Sigma), 5 µg/mL gentamicin (Invitrogen), 100 U/mL penicillin (Invitrogen), and 100 µg/mL streptomycin (Invitrogen). Cerebella were isolated from postnatal day 0~1 (P0-P1) SCA17 mice, 34 cut into small pieces, and incubated with culture medium containing 0.05% trypsin/ethylenediaminetetraacetic acid (Invitrogen) and 20 U/mL DNase I (Sigma) for 15 minutes at 37°C. To stop the proteolytic reaction, medium was replaced with 10% fetal bovine serum and 20 U/mL DNase I. After centrifugation, cells were resuspended in medium with 1% fetal bovine serum. Finally, cells were seeded into 96 well culture plates coated with 100 µg/mL poly-L-lysine (Sigma). All treatments were applied to cells with medium containing 4 µM cytosine arabinoside at day 5 (DIV5). After culture for 18 days, cells were fixed with 4% paraformaldehyde and immunostained with primary antibodies IP3R-1 (for Purkinje cells; 1:1,000 dilution; Santa Cruz) and 1TBP18 (for aggregation; 1:30,000 dilution; QED Bioscience), fluorescence-conjugated secondary antibodies (1:500, Invitrogen), and 4′,6-diamidino-2-phenylindole (DAPI, 1:10,000; Sigma). The staining results were observed by live-cell image microscope (Leica DMI 4000) and high content analysis (HCA) system.
Organotypic cerebellar slice culture and immunostaining
The cerebellar slice culture protocol was modified from a previous report. 35 Whole brains were isolated from postnatal day 7 SCA17 mice and transferred to ice-cold culture medium containing 50% basal Medium Eagle (Invitrogen), 25% Hank's buffered salt solution (Invitrogen), 25% horse serum (Invitrogen), 0.5% D-glucose (Sigma), 1 mM GlutaMax-I, 100 U/mL penicillin, and 100 µg/mL streptomycin. The cerebellum was separated from the other brain regions in ice-cold medium, and the hemisphere was embedded with low-melting-point agarose (Bio Basic) in D-PBS (Invitrogen). The cerebellum was then cut into 350 µm parasagittal sections with a Vibratome (VT1200S; Leica). To improve the survival rate of cerebellar slices, we continuously bubbled the buffer with 95% O 2 and 5% CO 2 during the sectioning. The slices were then cultured on 0.4 µm pore size culture plate inserts (Millipore) in six-well plates. All treatments were applied to the slices at day 2. After culture for 7 days, cells were immunostained with primary antibodies IP3R-1 and 1TBP18, fluorescence-conjugated secondary antibodies, and 4′,6-diamidino-2-phenylindole, as described earlier. The staining results were observed by confocal microscope.
statistical analysis
Three independent experiments, each done in triplicate, were performed and values were expressed as the means ± standard deviation. Differences between groups were evaluated by Student's t-test or one-way analysis of variance with post hoc Fisher's Least Significant Difference test where appropriate. All P-values were two-tailed, with values of P0.05 considered significant.
Results indole compounds and cytotoxicity
We have previously shown that novel synthetic indole compound 1,1,3-tri(3-indolyl)cyclohexane inhibits cancer cell growth in lung cancer cells and xenograft models. 36 As an indole compound, indomethacin was reported to induce the expression of HSPs to suppress polyQ aggregation in a cellular model of spinal and bulbar muscular atrophy. 37 Indole and synthetic derivative NC001-8 ( Figure 1A ) were selected to test their potentials to reduce the polyQ aggregation. GGA, a potent HSP inducer, 38 was included for comparison. Cell viability assays were performed with human neuroblastoma 
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Kung et al SH-SY5Y cells after treatment with GGA, indole, or NC001-8 (0.1~100 µM) for 24 hours. The half maximal inhibitory concentrations of the GGA and indoles were calculated using the interpolation method. As shown in Figure 1B , GGA, indole, and NC001-8 had half maximal inhibitory concentrations of 3.02, 0.71, and 0.88 mM, respectively, in SH-SY5Y cells. GGA, indole, and derivative NC001-8 had at least 85% cell viability up to the tested 100 µM, suggesting their low cytotoxicity.
indole/nc001-8 enhanced hsF1 and hsP70 chaperone expression on heK-293 cells
To examine the potential of indole/NC001-8 to enhance HSF1 and HSP70 chaperone expression, triple fluorescent reporter cells with mCherry, ZsYellow1, and AmCyan1 reporters driven by HSF1, HSPA8, and HSPA1A promoters were used. As shown in Figure 2A, Figure 2B ).
construction of sh-sY5Y TBP/Q 36~79 lines
To test the aggregation reduction potential of indole and NC001-8 in neuronal cells, we constructed Flp-In SH-SY5Y SCA17 cells with N-terminal TBP/Q 36~79 -GFP expression in an inducible fashion. As shown in Figure 3A , realtime polymerase quantification of these TBP lines shows 9~11 times TBP expression after induction with doxycycline for 2 days. In immunoblot, TBP antibody detected 52~62 kDa TBP/Q 36~79 -GFP protein in addition to the endogenous 43 kDa TBP protein ( Figure 3B ). When TBP/Q 36~79 SH-SY5Y cells were differentiated for 7 to 21 days, using retinoic acid, 39, 40 a Q length-dependent and expression time-dependent aggregate formation was seen in TBP/Q 61~79 -GFP cells, whereas no aggregate was seen in TBP/Q 36 -GFP cells ( Figure 3C ). When neuronal phenotype was examined after 7~21 days of differentiation, significantly less process and branch in TBP/Q 79 -GFP cells was observed at 2~3 weeks of differentiation compared with TBP/Q 36 Figure 3D ).
indole/nc001-8 enhanced hsF1 and hsP70 chaperone expression and reduced TBP/Q 79 aggregation on sh-sY5Y cell model
The Flp-In SH-SY5Y TBP/Q 79 -GFP cells discussed earlier were used to examine whether indole and NC001-8 up-regulate HSF1, HSPA8, and HSPA1A expression to reduce aggregation. As shown in Figure 4A, Notes: (A) Fluorescent reporters mcherry, ZsYellow1, and amcyan1 driven by hsF1, hsPa8, and hsPa1a promoter fragments, respectively (top), and effects of gga, indole, and nc001-8 (100 nM~100 µM) on HSF1, HSPA8, and HSPA1A promoter activities (bottom). To normalize, the fluorescence level in untreated cells is set as 100%.
Three independent experiments were performed, with P0.05 considered significant. (B) representative Western blot images of heK-293 cells treated with gga, indole and nc001-8 (100 nM) for two days, using hsF1, hsPa8, hsPa1a, and β-actin antibodies. levels of hsF1, hsPa8, and hsPa1a were normalized with a loading control (β-actin). Data are expressed as the mean ± standard deviation values from three independent experiments. Abbreviations: gga, geranylgeranylacetone; 001-8, nc001-8; hsF1, heat shock transcription factor 1; rel., relative; hsPa8, heat shock 70 kDa protein 8; hsPa1a, heat shock 70 kDa protein 1a.
Drug Design, Development and Notes: (A) cells were pretreated with gga, indole, or nc001-8 (100 nM) for 8 hours and TBP/Q 79 -gFP expression induced for 6 days. relative hsF1, hsPa8, and hsPa1a expressions were analyzed by immunoblot analysis, using β-actin as a loading control (n=3). P-values were evaluated by one-way analysis of variance with post hoc lsD test.
(B) cells were treated with gga, indole, or nc001-8 (100 nM) for 7 days, and relative aggregation assessed by hca system (n=3). To normalize, the relative aggregation level in untreated cells is set as 100%. Abbreviations: Dox, doxycycline; gga, geranylgeranylacetone; hsF1, heat shock transcription factor 1; hsPa8, heat shock 70 kDa protein 8; hsPa1a, heat shock 70 kDa protein 1A; Rel., relative; GFP, green fluorescent protein; HCA: high content analysis; 001-8, NC001-8; LSD, Fisher's least significant difference.
HSP70 chaperone expression to reduce TBP/Q 79 aggregation in differentiated neuronal cell models.
indole/nc001-8 promoted Purkinje cell neurite outgrowth and reduced aggregation on sca17 mouse primary and slice cultures
To further confirm the neuroprotective potential of the indole compounds, we applied indole and NC001-8 to the cerebellar primary and slice cultures established from SCA17 mice. 34 As shown in Figure 5A -B, with 10~100 nM compound concentration, significantly (indole: 134%~149%; P=0.016~0.002) or notably (NC001-8: 114%~119%; P0.05) increased Purkinje cell neurite outgrowth was observed. Both compounds at concentrations 1~100 nM significantly reduced the Purkinje cell aggregation on the primary culture (indole: P=0.039~0.001; NC001-8: P=0.042~0.016). The percentage of cells with aggregates under indole treatment is 86% (1 nM), 71% (10 nM), and 53% (100 nM) in Figure 5A , and the percentage of cells with aggregates under NC001-8 treatment is 60% (1 nM), 68% (10 nM), and 60% (100 nM) in Figure 5B . On SCA17 mouse cerebellar slice culture, although indole at 10 nM could significantly reduce the Purkinje cell aggregation (28%; Aggregates DAPI M erge P=0.001), 1,000 folds of NC001-8 (10 µM) were required to obtain a significant reduction of the aggregation (16%; P0.001) ( Figure 5C ). Thus, indole worked more efficiently than NC001-8 in reducing the Purkinje cell aggregation on SCA17 mouse cerebellar slice culture.
Discussion
An amount of evidence has indicated indole compounds as efficacious low-molecular drugs for the treatment of cancers. For example, indole-3-carbinol has been shown to suppress the proliferation and induce apoptosis and cell cycle arrest of a wide variety of cancer cells. 41, 42 Nevertheless, attempts to apply these chemicals in treating polyQ diseases are still too few. Previously, indole compound indomethacin induced the expression of HSPs at physiological temperatures to suppress the protein aggregation and apoptosis caused by an expansion of the polyQ tract in the androgen receptor. 37 In this study, we revealed that indole and its synthetic derivative NC001-8 reduced TBP aggregates in cell line and mouse cerebellar primary and slice cultures. The intact cellular interaction within the slice culture makes inadequate penetration of the medium into the inner part of the slice; therefore, 1,000 folds of NC001-8 were required to reduce polyQ-induced aggregation in slice culture compared with cell line and primary culture. In addition, our data show that indole and NC001-8 reduced TBP aggregates through the activation of HSF1 to increase cellular levels of HSP70 chaperone. Together, these data suggest the therapeutic potential of indole and derivative for polyQ-expanded SCA.
In polyQ-mediated SCA, the inclusion of the diseasecausing proteins affects molecular chaperone pathways. 43 Previously, we showed the decreased heat shock cognate HSPA8 protein (a constitutive HSP70) expression underlying pathogenesis of SCA17. 44, 45 HSP70 has been reported to suppress polyQ-mediated neurodegeneration in Drosophila. 23, 24 Overexpression of heat-inducible HSP70 chaperone (HSPA1A) rescues the severity of polyQ-mediated degeneration and improves motor function in SCA1 mice. 25 Expression of molecular chaperones is regulated by HSF1, and HSF1-activating compounds have been indicated as therapeutic candidates for polyQ disorders. 46, 47 Our results of neuroprotection via enhancement of chaperone system provide a novel mechanism of indole and derivative NC001-8 to decelerate the neurodegenerative process.
Although we have shown that both indole and NC001-8 performed neuroprotection via enhancement of chaperone system, pleiotropic effects of these compounds may exist to lead to the neuroprotective effect. For example, indole-3-carbinol from Brassica family vegetables was shown to have anti-inflammatory and antioxidative activities, 48, 49 which could also benefit polyQ-mediated diseases.
50,51 Future genome-wide expression studies could explore whether there is any other underlying mechanism of these compounds.
To summarize, we provided strong evidence that indole and NC001-8 could be novel therapeutics for SCA17. As indole is the precursor to many pharmaceuticals, and indole and derivatives can be synthesized by all kinds of methods, 52, 53 the development of indole-based compounds offers a promising strategy for the treatment of polyQ diseases. Future investigations of indole, NC001-8, and derivatives in more SCA or other polyQ animal models would strengthen their potential in aggregation reduction and disease amelioration.
